We perform a tomographic baryon acoustic oscillations analysis using the two-point galaxy correlation function measured from the combined sample of BOSS DR12, which covers the redshift range of 0.2 < z < 0.75. Splitting the sample into multiple overlapping redshift slices to extract the redshift information of galaxy clustering, we obtain a measurement of D A (z)/r d and H(z)r d at nine effective redshifts with the full covariance matrix calibrated using MultiDark-Patchy mock catalogues. Using the reconstructed galaxy catalogues, we obtain the precision of 1.3% − 2.2% for D A (z)/r d and 2.1% − 6.0% for H(z)r d . To quantify the gain from the tomographic information, we compare the constraints on the cosmological parameters using our 9-bin BAO measurements, the consensus 3-bin BAO and RSD measurements at three effective redshifts in Alam et al. (2016) , and the non-tomographic (1-bin) BAO measurement at a single effective redshift. Comparing the 9-bin with 1-bin constraint result, it can improve the dark energy Figure of Merit by a factor of 1.24 for the Chevallier-PolarskiLinder parametrisation for equation of state parameter w DE . The errors of w 0 and w a from 9-bin constraints are slightly improved when compared to the 3-bin constraint result.
INTRODUCTION
The accelerating expansion of the Universe was discovered by the observation of type Ia supernovae (Riess et al. 1998; Perlmutter et al. 1999) . Understanding the physics of the cosmic acceleration is one of the major challenges in cosmology. In the framework of general relatively (GR), a new energy component with a negative pressure, dubbed dark energy (DE), can be the source driving the cosmic acceleration. Observations reveal that the DE component dominates the current Universe (Weinberg et al. 2013) . However, the nature of DE remains unknown. Large cosmological surveys, especially for galaxy redshift surveys, can provide key observational support for the study of DE.
Galaxy redshift surveys are used to map the large scale structure of the Universe, and extract the signal of baryon acoustic oscillation (BAO). The BAO, produced by the competition between gravity and radiation due to the couplings between baryons and photons before the cosmic recombination, leave an imprint on the distribution of galaxies at late times. After the photons decouple, the acoustic oscillations are frozen and correspond to a characteristic scale, determined by the comoving sound horizon at the drag epoch, r d ∼ 150 Mpc. This feature corresponds to an excess on the 2-point correlation function, or a series of wiggles on the power spectrum. The acoustic scale is regarded as a standard ruler to measure the cosmic expansion history, and to constrain cosmological parameters (Eisenstein et al. 2005) . If assuming an isotropic galaxies clustering, the combined volume distance, DV (z) ≡ cz(1 + z) 2 DA(z) 2 H −1 (z) 1/3 , where H(z) is the Hubble parameter and DA(z) is the angular diameter distance, can be measured using the angle-averaged 2-point correlation function, ξ0(s) (Eisenstein et al. 2005; Kazin et al. 2010; Beutler et al. 2011; Blake et al. 2011) or power spectrum P0(k) (Tegmark et al. 2006; Percival et al. 2007; Reid et al. 2010) . However, in principle the clustering of galaxies is anisotropic, the BAO scale can be measured in the radial and transverse directions to provide the Hubble parameter, H(z), and angular diameter distance, DA(z), respecEmail: ytwang@nao.cas.cn † Email: gbzhao@nao.cas.cn tively. As proposed by Padmanabhan & White 2008 , the "multipole" projection of the full 2D measurement of power spectrum, P (k), were used to break the degeneracy of H(z) and DA(z). This multipole method was applied into the correlation function (Chuang & Wang 2012 Xu et al. 2013) . Alternative "wedge" projection of correlation function, ξ∆µ(s), was used to constrain parameters, H(z) and DA(z) (Kazin et al. , 2013 . In Anderson et al. (2014) , the anisotropic BAO analysis was performed using these two projections of correlation function from SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS) DR10 and DR11 samples.
The BOSS (Dawson et al. 2013) , which is part of SDSS-III (Eisenstein et al. 2011) , has provided the Data Release 12 (Alam et al. 2015) . With a redshift cut, the whole samples are split into the 'low-redshift' samples (LOWZ) in the redshift range 0.15 < z < 0.43 and 'constant stellar mass' samples (CMASS) in the redshift range 0.43 < z < 0.7. Using these catalogues, the BAO peak position was measured at two effective redshifts, z eff = 0.32 and z eff = 0.57, in the multipoles of correlation function (Cuesta et al. 2016) or power spectrum (Gil-Marín et al. 2016) . Chuang et al. 2016 proposed to divide each sample of LOWZ and CMASS into two independent redshift bins, thus to test the extraction of redshift information from galaxy clustering. They performed the measurements on BAO and growth rate at four effective redshifts, z eff = 0.24, 0.37, 0.49 and 0.64 (Chuang et al. 2016 ).
The completed data release of BOSS will provide a combined sample, covering the redshift range from 0.2 to 0.75. The sample is divided into three redshift bins, i.e., two independent redshift bins, 0.2 < z < 0.5 and 0.5 < z < 0.75, and an overlapping redshift bin, 0.4 < z < 0.6. The BAO signal is measured at the three effective redshifts, z eff = 0.38, 0.51 and 0.61 using the configurationspace correlation function (Ross et al. 2016; Vargas-Magaña et al. 2016) or Fourier-space power spectrum (Beutler et al. 2016a) .
As the tomographic information of galaxy clustering is important to constrain the property of DE (Salazar-Albornoz et al. 2014; Zhao et al. 2017 ), we will extract the information of redshift evolution from the combined catalogue as much as possible. To achieve this, we adopt the binning method. The binning scheme is determined through the forecasting result using Fisher matrix method.
We split the whole sample into nine overlapping redshift bins to make sure that the measurement precision of the isotropic BAO signal is better than 3% in each bin. We perform the measurements on the an/isotropic BAO positions in the nine overlapping bins using the correlation functions of the pre-and post-reconstruction catalogues. To test the constraining power of our tomographic BAO measurements, we perform the fitting of cosmological parameters.
The analysis is part of a series of papers analysing the clustering of the completed BOSS DR12 (Alam et al. 2016; Zhao et al. 2016; Beutler et al. 2016a,b; Ross et al. 2016; Sanchez et al. 2016b,a; Salazar-Albornoz et al. 2016a; Vargas-Magaña et al. 2016; Grieb et al. 2016; Chuang et al. 2016; Salazar-Albornoz et al. 2016b) . The same tomographic BAO analysis is performed using galaxy power spectrum in Fourier space (Zhao et al. 2016 ). Another tomographic analysis is performed using the angular correlation function in many thin redshift shells and their angular cross-correlations in the companion paper, Salazar-Albornoz et al. (2016a) , to extract the time evolution of the clustering signal.
In Section 2, we introduce the data and mocks used in this paper. We present the forecast result in Section 3. In Section 4, we describe the methodology to measure the BAO signal using multipoles of correlation function. In Section 5, we constrain cosmological models using the BAO measurement from the postreconstructed catalogues. Section 6 is devoted to the conclusion. In this paper, we use a fiducial ΛCDM cosmology with the parameters: Ωm = 0.307, Ω b h 2 = 0.022, h = 0.6777, ns = 0.96, σ8 = 0.8288. The comoving sound horizon in this cosmology is r fid d = 147.74 Mpc.
DATA AND MOCKS
We use the completed catalogue of BOSS DR12, which covers the redshift range from 0.2 to 0.75. In the North Galactic Cap (NGC), 864, 923 galaxies over the effective coverage area of 5923.90 deg 2 are observed and the South Galactic Cap (SGC) contains 333, 081 with the effective coverage area of 2517.65 deg 2 . The volume density distribution from observation is shown in solid curves of Figure  1 .
In oder to correct for observational effects, the catalogue is given a set of weights, including weights for the redshift failure, w zf , close pair due to fiber collisions, wcp and for systematics, wsys. In addition, the FKP weight to achieve a balance between the regions of high density and low density (Feldman et al. 1994 ) is added
where n(z) is the number density of galaxies, and P0 is set to 10, 000 h −3 Mpc 3 . Thus each galaxy is counted by adding a total weight as below wtot = wFKPwsys(wcp + w zf − 1).
The details about the observational systematic weights are described in Ross et al. (2016) . The correlation function is measured by comparing the galaxy distribution to a randomly distributed catalogue, which is reconstructed with the same radial selection function as the real catalogue, but without clustering structure. We use a random catalogue consisting of 50 times random galaxies of the observed sample.
During the cosmic evolution, non-linear structure formation and redshift space distortions (RSD) can weaken the significance of the BAO peak thus degrade the precision of BAO measurements. The BAO signal can be boosted to some extent by the reconstruction procedure, which effectively moves the galaxies to the positions as if there was no RSD and nonlinear effects (Eisenstein et al. 2007a ). We will also present BAO measurements using the catalogue, which is reconstructed through the reconstruction algorithm as described in Padmanabhan et al. (2012) .
Mock galaxy catalogues are required to determine the data covariance matrix, and to test the methodology. We use the MultiDark-Patchy mock catalogues (Kitaura et al. 2016) . The mock catalogues are constructed to match the observed data on the angular selection function, redshift distribution, and clustering statistics (e.g. 2-point and 3-point correlation functions). We utilise 2045 mock catalogues for the pre-reconstruction, and 1000 mocks for the post-reconstruction. We perform the measurement for each mock catalogue, then estimate the covariance matrix of data correlation function using the method proposed in Percival et al. (2014) .
BAO FORECASTS
We first determine the binning scheme through the Fisher matrix method. We use the Fisher matrix formulism in (Tegmark 1997; Seo & Eisenstein 2007) to predict the BAO distance parameters. Starting with the galaxy power spectrum, P (k, µ), the fisher matrix is
here we set kmin = 2π/V 1/3 sur h Mpc −1 and kmax = 0.3 h Mpc −1 . In order to ensure that the isotropic BAO measurement precision in each bin is better than 3%, we split the whole redshift range, i.e. [0.2, 0.75] into 9 overlapping bins. The width of the first and last bins is 0.19, and other bins have the same bin width, i.e. ∆z = 0.15.
In Table 1 , we present the 9 overlapping redshift ranges, the effective redshifts and numbers of the samples in the NGC and SGC. In Figure 1 , the overlapping histograms denote the average number density in each bin.
Combining the results of NGC and SGC samples as,
we present the forecast result on the precision of the BAO distance parameters, including the angular diameter distance DA(z), Hubble parameter H(z) and volume distance DV (z) in Table 2 . It is seen that the isotropic BAO prediction in each bin can reach, σD V /DV < 3%. With the "50%" reconstructed efficiency, which means that the nonlinear damping scales, Σ ⊥ and Σ , are reduced by a factor 0.5 and there is the remaining 50% nonlinearity, the isotropic BAO precision is within 0.8% − 1.2%. The predictions on the precision of anisotropic BAO parameters are within 1.8% − 2.9% for the angular diameter distance and 4.2% − 7.1% for the Hubble parameter without the reconstruction. Considering the "50%" reconstruction, the best prediction can reach 1.1% for DA(z) and 2.1% for H(z). The contour plot of DA(z) and H(z) within 2 σ error is displayed in Figure 2 , where the black points are the fiducial values. The left panel in Figure 2 shows the forecast result without reconstruction, and the right panel presents the "50%" reconstructed result. 
BAO MEASUREMENTS

The estimator for the 2-pt correlation function
We measure the correlation function of the combined sample using the Landy & Szalay (1993) estimator:
where DD, DR and RR are the weighted data-data pair counts, datarandom pair counts and random-random pair counts with the separation, s and the cosine of the angle of the pair to the line of sight, µ. Table 2 . The forecast results on the BAO distance parameters without reconstruction (and "50%" reconstruction) using the combination of NGC and SGC samples. The multipole projections of the correlation function can be calculated through
where L (µ) is the Legendre Polynomial. We also measure the correlation function of the reconstructed catalogue using the Landy & Szalay (1993) estimator:
here we used the shifted data and randoms for DD, DS, and SS.
The measured monopole and quadruple of correlation function from data and mocks in each redshift bin are shown in Figure 3 for the pre-reconstruction measurements, and in Figure 4 for the post-reconstruction measurements, where the red squares with 1 σ error bar are the measurements of monopole from data. The red shaded regions correspond to the standard deviation from the mocks around the average. The blue points with 1 σ error bar are the data measurements of quadrupole, and the blue shaded regions denote the average with a standard deviation from the mocks.
The 2D correlation functions measured in 9 redshift bins using the pre-reconstructed and post-reconstructed catalogues are plotted in Figure 5 , where the BAO ring in each redshift slice is visualised. As expected, the BAO ring becomes clear after reconstruction.
The template
The isotropic BAO position is parameterised by the scale dilation parameter,
We adopt the template for the correlation function in the isotropic case (Eisenstein et al. 2007b) ,
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Here we set the parameter Σs = 4 h −1 Mpc, which is the same as used in (Ross et al. 2016 ). The de-wiggled power spectrum, P mod dw (k), is given by
where P nw (k) is the "no-wiggle" power spectrum, where the BAO feature is erased, which is obtained using the fitting formulae in Eisenstein & Hu (1998) . The linear power spectrum P lin (k) is calculated by CAMB 1 (Lewis et al. 2000) . Σ nl in the Gaussian term is a damping parameter.
Then, allowing an unknown bias factor B ξ , which rescales the amplitude of the input template, the correlation function is given by
which includes the polynomial terms for systematics
Before doing the fitting, we normalise the model to the data at the scale s = 50 h −1 Mpc, as done in Xu et al. (2013) ; Anderson et al. (2014) . While performing the fitting, we add a Gaussian prior on log(B 2 ξ ) = 0 ± 0.4 (Xu et al. 2013; Anderson et al. 2014) . So in the isotropic case, we have 5 free parameter, i.e.
[log(B 2 ξ ), α, a1, a2, a3]. The BAO feature can be measured in both the transverse and line-of-sight directions. This can be parametrised by α ⊥ and α || , respectively
The anisotropic correlation function is modelled as a transform of the 2D power spectrum,
where the (1 + βµ 2 ) 2 term corresponds to the Kaiser model for large-scale RSD (Kaiser 1987) . For the reconstruction, this term is replaced by [1 + βµ
r /2 and Σr = 15 h −1 Mpc (Seo et al. 2015) . The term
is introduced to model the small-scale FoG effect. The 2D dewiggled power spectrum, compared to Eq. 11, becomes
here the Gaussian damping term is also anisotropic. Σ and Σ ⊥ are the line-of-sight and transverse components of
Here we set Σ = 4 h −1 Mpc and Σ ⊥ = 2.5 h −1 Mpc for the post-reconstruction and Σ = 10 h −1 Mpc and Σ ⊥ = 6 h −1 Mpc for the pre-reconstruction (Ross et al. 2016 ). Given the 2D power spectrum P (k, µ), which can be decomposed into Legendre moments, then the multipoles of power spectrum are
which can be transformed to the multipoles of correlation function by
Using the Legendre polynomials, we have 
Then the model multipoles of correlation function are
where
⊥ are respectively the separation between two galaxies and the cosine of the angle of the pair to the line of sight in the true cosmology, .
In addition, we use a bias parameter B0 to adjust the amplitude of the input template and include the model for systematics using the polynomial terms
So we fit the data using the model multipoles
As in the isotropic case, the monopole template is normalised to the measurement at s = 50 h −1 Mpc. So in the anisotropic case, we have 10 free parameter, i.e. [α ⊥ , α || , log(B 
Covariance matrix
When fitting the BAO parameters, p, we use the MCMC to search for the minimum χ 2 ,
where F , ij is the inverse of the covariance matrix, C , ij , which is estimated using mock catalogues,
where the average multipoles is given bȳ
here N is the number of mocks: N = 2045 in the prereconstruction case and N = 1000 in the post-reconstruction case. The unbiased estimation for the inverse covariance matrix is given by
where N b is the number of the scale bins. In order to include the error propagation from the error in the covariance matrix into the fitting parameters (Percival et al. 2014) we rescale the covariance matrix, Cij, by
here Np is the number of the fitting parameters, and
The normalised covariance matrix showing the correlations between monopole, quadrupole and their cross correlation in each bin is plotted in Figure 6 in the pre-reconstruction case and Figure 7 in the post-reconstruction case. From Figure 6 and Figure 7 , it is seen that after reconstruction, there is less auto-correlation of multipoles and cross-correlation between multipoles.
TESTS ON MOCK CATALOGUES
We present the mock tests for the BAO analysis using 1000 pre-reconstructed and post-reconstructed mocks. We perform the isotropic and anisotropic BAO measurements using each individual mock catalogue in both cases. The results are shown in Table 3 , where we list the average of fitting value from each mock, standard derivations, and the average of 1σ error for the parameters, α, α ⊥ and α . The fiducial cosmology we use here corresponds to the input cosmology of the mocks, therefore we expect that the average values of parameters α, α ⊥ and α are equal to 1. Our recovered parameter values in nine redshift bins are well consistent with the input cosmology. For the isotropic results, we find that the greatest bias in α for the pre-reconstruction result is less than 0.4%, and is less than 0.2% in the post-reconstruction case. The 1D distribution of the parameter α from mocks is shown in the histograms of Figure 8 , where the blue histograms are the pre-reconstruction results, and the red histograms are the postreconstruction results. As expected, the BAO signals measured from the post-reconstructed mocks are more significant, as shown in the scatter plots of Figure 9 , where each point in the plot corresponds to the 1 σ error value from each pre-and post-reconstructed mock. For the anisotropic results, on average the biases in the anisotropic parameters are less than 0.5%. We display the 1D distributions of the parameters, α ⊥ and α from mocks in the histograms 0 . 4 8 < z < 0 . 6 3 0 . 5 2 < z < 0 . 6 7 p r e -r e c o n s t r u c t i o n σ α 0 . 5 6 < z < 0 . 7 5 Figure 9 . The scatter plot of error of α using pre-and post reconstruction mock catalogue. Each magenta point denotes the 1 σ error of α from each mock (totally 1000 mocks) and the cross (blue) is the error measured by data.
of Figure 10 . The scatter plots for the parameters, α ⊥ and α are shown in Figure 11 .
RESULTS
Isotropic BAO measurements
The correlation functions are measured with the bin width of 5 h −1 Mpc bins, as shown in Figure 3 and Figure 4 . We perform the fitting in the range 50 − 150 h −1 Mpc. We present the constraints on the isotropic BAO scale in all redshift bins in Table 4 Table 4 . The measurement preci- Table 3 . The statistics of the isotropic and anisotropic BAO fittings using the pre-reconstructed and post-reconstructed mocks. α , α ⊥ and α are the average of the fitting mean value from each mock. Sα, Sα ⊥ and Sα are the standard derivation of the parameters α, α ⊥ and α , respectively. σα , σα ⊥ and σα correspond to the average of 1σ error of these three parameters from each mock. sion on DV (z)/r d from the pre-reconstruction catalogue can reach 1.8% ∼ 3.3%. For the post-reconstruction, the precision is improved to be 1.1% ∼ 1.8%.
The improvement on the measurement precision of α after reconstruction can be seen in Figure 12 , where we show our tomographic measurements in terms of the redshift in blue squares. The pre-reconstruction constraints are plotted in upper panel, and the lower panel shows the result after reconstruction.
Since our redshift slices are highly correlated within the overlapping range, which is visualised in Figure 1 , it is important to determine the correlations between redshift slices. We repeat the fitting on BAO parameter using each mock measurement, derive the covariance matrix between the ith z bin and jth z bin using Cij ≡ αiαj − αi αj , then calculate the correlation coefficient with rij = Cij/ CiiCjj. The normalised correlations of α between redshift slices for the post-reconstruction are plotted in Figure 13 . It is seen that each bin is correlated to the 3 redshift bins next to it. p r e -r e c o n s t r u c t i o n σ α || 0 . 5 6 < z < 0 . 7 5 Figure 11 . The scatter plots of errors of α ⊥ (left panel) and α || (right panel) using pre-and post reconstruction mock catalogue. Each magenta point denotes the 1 σ error from each mock (totally 1000 mocks) and the cross (blue) is the error measured by data. 
Anisotropic BAO measurements
We present the fitting result on the anisotropic BAO parameters in Table 5 before and after reconstruction. Our measurements on α ⊥ and α are plotted in terms of redshift in blue squares of Figure 14 and 15, respectively. Table 6 . The measurement precisions are within 2.3% − 3.5% for DA(z)/r d and 3.9% − 8.1% for H(z)r d before the reconstruction. Using the reconstructed catalogues, the precisions are improved, which can reach 1.3% − 2.2% for DA(z)/r d and 2.1% − 6.0% for H(z)r d . We determine the correlations between overlapping redshift slices using the measurements from mock catalogue. The calculation procedure has described in Section 6.1. The normalised correlated matrix of the parameters, α ⊥ and α , between different redshift slices for the post-reconstruction are plotted in Figure 16 .
Result comparisons
We compare our pre-reconstructed results on the isotropic and anisotropic BAO parameters with the tomographic measurements using the power spectrum in Fourier space (Zhao et al. 2016 ). The comparison is plotted in Figure 17 . We can see that the isotropic results (blue points) agree well with each other. Because of the high correlations between anisotropic parameters, the comparison looks scattered, especially for the parameter α . Within the 1 σ error, the results are consistent. The main difference is that Zhao et al. Table 5 . The fitting results on the anisotropic BAO parameters, α ⊥ and α , and their correlation coeffecient r using the pre-and post-reconstruction catalogues, respectively. (2016) use the monopole, quadrupole and hexadecapole in power spectrum, while we do not include the hexadecapole in our prereconstruction case. The role of the hexadecapole on anisotropic BAO constraints is discussed in detail (Zhao et al. 2016) . In order to test the consistency between our measurements and the measurements in 3 redshift bins (Ross et al. 2016) , we compressed our measurements into 3 redshift bins. Namely, we compressed the first 4 redshift bins, which covers the redshift range from 0.2 to 0.51, into one measurement. The compression is performed by introducing a parameter and fitting it to the measurements in these 4 redshift bins with their covariance matrix. The 5th and 6th bins (0.4 < z < 0.59) are compressed as the second measurement value. The last compressed measurement are from the remaining bins (0.48 < z < 0.75). The compression results are shown in red triangles of Figure 12 , 14 and 15. In these figures, the green points denote the results within 3 redshift bins from ξ(s) measurements in Ross et al. (2016) , i.e. two bins without overlapping between each other, [0.2, 0.5] and [0.5, 0.75] , and an overlapping bin, [0.4, 0.6] . It is seen that with less redshift bins, more precise measurements and much tighter constraints can be obtained. In contrast, dividing more redshift bins in the tomographic case can capture the redshift information of galaxy clustering with more measurements at different effective redshifts. The comparison is plotted in Figure 18 . We can see that our results are consistent with the measurements in Ross et al. (2016) . The comparisons of our anisotropic BAO measurements with the three bins consensus measurements in Alam et al. (2016) are shown in Figure 19 and 20, where the black squares are our measurements, and the red points are the consensus result, which are the combined constraints from the correlation function and power spectrum in (Alam et al. 2016) . The blue bands correspond to the 68 and 95% CL constraints in the ΛCDM using the Planck data assuming a ΛCDM model (Planck Collaboration et al. 2016) . We can see these results are consistent.
CONSTRAINTS ON COSMOLOGICAL MODELS
Using our tomographic measurements on Hubble parameters, we do the Om diagnostic, proposed by Sahni et al. (2008) . It is defined by the Hubble parameter In ΛCDM, Om(z) = Ωm. Using our measurements of H(z)r d and combining the fiducial values of r d = 147.74 Mpc and H0 = 67.8 km/s/Mpc, we convert our measurements to Om(z), as shown in Figure 21 , where the blue squares are the prereconstruction tomographic measurements, the red points are the post-reconstruction tomographic measurements, and the black triangles are the consensus result in Alam et al. (2016) .
To quantify the possible deviation from ΛCDM, we make a fit to the Om(z) values with the covariance matrix between different redshift slices using a single parameter. As shown in Figure  21 , the black dashed line with the grey band are the best-fit value with 1 σ error using the "3 zbin" consensus result, the blue dashed line with the blue band are the "9 zbin" pre-reconstruction tomographic result and the red dashed line with the red band are the "9 zbin" post-reconstruction tomographic result. We obtain the fitting value, Ωm = 0.32 ± 0.025, with χ 2 = 1.73 from the consensus result. Therefore, within 2 σ regions there is no deviation from a constant Ωm(z). Using our pre-reconstruction tomographic result, the fitting result is Ωm = 0.266 ± 0.036. The Om(z) values in the pre-reconstruction case deviate from the fitting constant Ωm(z) at about 2.01 σ level. From our post-reconstruction result, the Om(z) values deviate from the fitting result, Ωm = 0.307±0.021, at about 2.78 σ.
We present the cosmological implications with our tomographic BAO measurements. We use the Cosmomc 2 (Lewis & Bridle 2002) code to perform the fittings on dark energy parameters in a time-varying dark energy with EoS, wDE(a) = w0 + wa(1 − a) (Chevallier & Polarski 2001; Linder 2003) .
We are using the combined data set, including the temperature and polarization power spectra from Planck 2015 data release (Planck Collaboration et al. 2016) , the "Joint Light-curve Aalysis" (JLA) sample of type Ia SNe (Sako et al. 2014) , the BOSS DR12 BAO distance measurements. We compare the constraining power of different BAO measurements, i.e. tomographic "9 zbin" BAO measurements from the post-reconstructed catalogues, consensus "3 zbin" measurements on BAO and RSD in Alam et al. (2016) , and the compressed "1 zbin" BAO result from the post-reconstruction tomographic measurements. Table 7 . Joint data constraints on dark energy EoS parameters w 0 and wa in the w 0 waCDM. Here we compare the constraining power of the BOSS DR12 BAO measurements, i.e. the tomographic "9 zbin" measurements in this work, consensus "3 zbin" measurements in Alam et al. (2016) , and the compressed "1 zbin" result from tomographic measurements. The results of the parameters w0 and wa are presented in Table  7 . We can see the uncertainties of parameters are improved with the "9 zbin" BAO measurements in our work.
In w0waCDM, comparing the tomographic "9 zbin" with the non-tomographic "1 zbin" results, the errors of w0 and wa are improved by 6% and 16%, respectively. Using the Figure of Merit (FoM) (Albrecht et al. 2009 ), which is inversely proportional to the area of the contour as shown in Figure 22 , to quantify this improvement, the FoM is improved by a factor of 1.24 (FoM=49 for the grey contour from the "1 zbin" result and FoM=61 for the blue contour from the "9 zbin" result in Figure 22 ). Comparing the "9 zbin" with "3 zbin" results, the "9 zbin" BAO measurement give the slightly tighter constraints.
CONCLUSION
Measurements of the BAO distance scales have become a robust way to map the expansion history of the Universe. A precise BAO distance measurement at a single effective redshift can be achieved using the entire galaxies in the survey, covering a wide redshift range. However, the tomographic information is largely lost. To extract the redshift information from the samples, one possible way is to use overlapping redshift slices.
Using the combined sample of BOSS DR12, we perform a tomographic baryon acoustic oscillations analysis using the twopoint galaxy correlation function. We split the whole redshift range of sample, 0.2 < z < 0.75, into multiple overlapping redshift slices, and measured correlation functions in all the bins. With the full covariance matrix calibrated using MultiDark-Patchy mock Figure 22. The 1D posterior distribution of w and wa and their 2D contour plots in the CPL model from the compressed "1 zbin" BAO (grey line and contour), consensus "3 zbin" BAO and RSD (red line and contour), and tomographic "9 zbin" BAO (blue line and contour).
catalogues, we obtained the isotropic and anisotropic BAO measurements.
In the isotropic case, the measurement precision on DV (z)/r d from the pre-reconstruction catalogue can reach 1.8% ∼ 3.3%. For the post-reconstruction, the precision is improved, and becomes 1.1% ∼ 1.8%. In the anisotropic case, the measurement precision is within 2.3%−3.5% for DA(z)/r d and 3.9%−8.1% for H(z)r d before the reconstruction. Using the reconstructed catalogues, the precision is improved, which can reach 1.3%−2.2% for DA(z)/r d and 2.1% − 6.0% for H(z)r d .
We present the comparison of our measurements with that in a companion paper (Zhao et al. 2016) , where the tomographic BAO is measured using multipole power spectrum in Fourier space. We find an agreement within the 1 σ confidence level. The derived 3-bin results from our tomographic measurements are also compared to the 3-bin measurements in Ross et al. (2016) , and a consistency is found.
We perform cosmological constraints using the tomographic 9-bin BAO measurements, the consensus 3-bin BAO and RSD measurements, and the compressed 1-bin BAO measurement. Comparing the constraints on w0waCDM from 9-bin and 1-bin BAO distance measurements, the uncertainties of the parameters, w0 and wa are improved by 6% and 16%, respectively. The dark energy FoM is improved by a factor of 1.24. Comparing the "9 zbin" with "3 zbin" results, the "9 zbin" BAO measurement give the slightly tighter constraints.
The future galaxy surveys will cover a larger and larger cosmic volume, and there is rich tomographic information in redshifts to be extracted. The method developed in this work can be easily applied to the upcoming galaxy surveys and the gain in the temporal information is expected to be more significant.
